Null mutations affecting members of the transforming growth factor-␤ and neurotrophin families result in overlapping patterns of neuronal cell death. This is particularly striking in the cranial sensory nodose-petrosal ganglion complex (NPG), in which loss of either glial cell line-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), or neurotrophin-4 (NT-4) results in a 30-50% reduction in neuronal survival. It is unknown, however, whether GDNF and any single neurotrophin support survival of the same cells, and if so, whether they are required simultaneously or sequentially during development. To approach these issues we defined survival requirements of nodose and petrosal neurons for GDNF in vitro and in bdnf, gdnf, and bdnf/gdnf null mutant mice, as well as the distribution of GDNF in NPG target tissues. Our analyses focused on the total population of ganglion cells as well as the subset of NPG neurons that are dopaminergic.
Glial cell line-derived neurotrophic factor (GDNF) and the related proteins neurturin, persephin, and artemin, comprise a subgroup of the transforming growth factor-␤ superfamily of growth and differentiation factors. The GDNF family members signal through a receptor complex consisting of a ligand-specific glycosyl-phosphatidylinositol-linked binding molecule (GFR␣) and the membrane-spanning RET (rearranged during transfection) receptor tyrosine kinase (Rosenthal, 1999; Baloh et al., 2000) . GDNF supports survival of a variety of peripheral and central neurons in vitro, including midbrain dopaminergic, spinal motor, sympathetic, parasympathetic, peripheral sensory, and enteric neurons (for review, see Unsicker et al., 1998) . However, analysis of GDNF or GFR␣1 knock-out mice has revealed that a more restricted subset of neurons requires GDNF for survival in vivo Pichel et al., 1996; Sanchez et al., 1996; Cacalano et al., 1998) .
One of the most severely affected neuronal populations in GDNF knock-out mice is the nodose-petrosal ganglion complex (NPG) of primary cranial sensory neurons, in which 40% of cells die by birth . Interestingly, targeted disruption of the genes encoding brain-derived neurotrophic factor (BDNF) (Ernfors et al., 1994b; Jones et al., 1994; Conover et al., 1995; Liu et al., 1995; Erickson et al., 1996) , neurotrophin-3 (NT-3) (Ernfors et al., 1994a; Farinas et al., 1994) , or neurotrophin-4 (NT-4) (Conover et al., 1995; Liu et al., 1995; Erickson et al., 1996) also leads to loss of 30 -50% of NPG neurons, suggesting that some neurons require both GDNF and a neurotrophin for survival in vivo. However, it is unknown whether GDNF and the neurotrophins act simultaneously or sequentially. Moreover, the relationship between GDNF dependence of NPG neurons and GDNF expression in target tissues has not been defined. We showed previously, for example, that BDNF is expressed transiently in NPG targets, such as the carotid body and cardiac outflow tract, coincident with the onset of sensory innervation, supporting a role for BDNF as a targetderived survival factor (Brady et al., 1999) . Some NPG targets, including the carotid body, have also been reported to express GDNF mRNA (Nosrat et al., 1996) , raising the possibility that survival of some NPG neurons is supported by two target-derived factors, BDNF and GDNF.
To approach these issues we defined trophic requirements of NPG neurons for BDNF and GDNF by comparing ganglion cell numbers in wild-type mice and knock-out mice lacking either BDNF or GDNF, or both BDNF and GDNF. In addition, to examine the relationship between GDNF dependence and target innervation, we analyzed survival requirements of different ganglion cell subpopulations, including dopaminergic (DA) neurons in the PG that selectively innervate the carotid body, as well as the distribution of GDNF protein in target tissues.
MATERIALS AND METHODS Animals
Embryos were obtained from timed pregnant rats (Sprague Dawley; Z ivic-Miller, Z elionople, PA) and from crosses of heterozygous or double heterozygous mice carrying single null alleles for bdnf (Conover et al., 1995) , gdnf (Sanchez et al., 1996) , or both bdnf and gdnf. To assign gestational ages, the day after mating (determined by the presence of a vaginal plug) was designated embryonic day 0.5 (E0.5). Mouse embryos from bdnf or gdnf single heterozygous crosses were collected on E13.5, E14.5, and E15.5, and embryos from both single and double heterozygous crosses were obtained on E17.5. Developmental stages were confirmed by crown-rump length measurements and assessment of morphological features (Theiler, 1972) . Newborn animals from bdnf and gdnf single heterozygous crosses as well as bdnf/gdnf double heterozygous crosses were obtained on the day of birth. All mice were genotyped by PCR amplification of isolated tail DNA, using bdnf-and gdnf-specific primer pairs.
Cell culture Explant cultures
Pregnant rats were killed by exposure to carbon dioxide. The uterine horns were removed, placed into PBS, pH 7.4, and the fetuses (E16.5) were excised. Tissue blocks containing the N PG were transferred to 0.1 M PBS containing 10% glucose; the petrosal ganglia were then removed and placed individually in drops of Matrigel basement membrane matrix (Collaborative Research, Bedford, M A) in plastic tissue culture plates and incubated in Leibovitz's medium containing 10% NuSerum (Collaborative Research), 5% heat-inactivated rat serum, fresh vitamin mixture (Mains and Patterson, 1973) , penicillin (50 I U/ml), and streptomycin (50 g /ml). E xplant cultures were grown for 3 d in an incubator (37°C, 5% CO 2 ) in the absence or presence of different concentrations of GDN F (catalog #A52450H; concentration range, 0.1-500 ng /ml; Biodesign International, Saco, M E), then fixed in 4% paraformaldehyde (in 0.1 M PBS, pH 7.4) overnight at 4°C. The ganglia were then infiltrated with 30% sucrose in PBS, frozen in TissueTek embedding medium (Baxter Scientific, McGraw Park, IL), cut (10 m) in a cryostat, thawed onto gelatin-coated glass slides, and processed for immunohistochemical staining as described below.
Dissociate cultures
Fetal (E16.5) rat PG were dissected into 0.1 M PBS containing 10% glucose, transferred briefly to Dulbecco's C a 2ϩ -and Mg 2ϩ -free PBS, then digested enzymatically in Dispase (Collaborative Research; diluted 1:1 in PBS) for 30 min at 37°C. The ganglia were triturated in Leibovitz's medium (see above), and cells were plated at a density of three PG per well onto glass coverslips coated with polylysine (0.1 mg /ml) and laminin (0.3 g /ml). Cultures were placed in an incubator (37°C, 5% C O 2 ) and grown for 3 d in Leibovitz's medium in the absence or presence of GDN F alone (Biodesign International), BDN F alone (Regeneron Pharmaceuticals, Tarrytown, N Y), or both GDN F and BDN F simultaneously. T wo separate experiments using either subsaturating (5 ng /ml) or saturating (100 ng /ml) concentrations of GDN F and BDN F were performed. Cultures subsequently were fixed for 20 min in 4% paraformaldehyde, rinsed thoroughly in 0.1 M PBS, then processed for immunohistochemical staining as described below.
Immunohistochemical procedures Cell cultures
Double immunostaining was performed as previously described (Hertzberg et al., 1994; Erickson et al., 1996) 
Intact ganglia
Tissue blocks containing the N PG were dissected from fetal mice and immersion-fixed for 2-4 hr in 2% paraformaldehyde containing 0.2% -benzoquinone in 0.07 M PBS (Conner et al., 1997) or in 2% paraformaldehyde in 0.1 M PI PES buffer, pH 7.4. Newborn animals were deeply anesthetized with sodium pentobarbital (6 gm / kg, i.p.) and perf used through the heart with 4% paraformaldehyde in 0.1 M PBS. The head of the animal was removed, hemisected along the midline, and post-fixed overnight. All tissues were infiltrated with 30% sucrose for 24 -48 hr, placed in a 1:1 mixture of 30% sucrose and TissueTek embedding medium for 24 hr, embedded and frozen in TissueTek, and stored at Ϫ80°C until use. Before immunostaining, frozen parasagittal sections (10 m) were cut and thaw-mounted onto microscope slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA). T yrosine hydroxylase immunostaining was performed as described previously (Erickson et al., 1996) .
To detect endogenous GDN F, sections containing the carotid body were hydrated in 0.1 M PBS, quenched with 0.5% H 2 0 2 in methanol for 15 min, rinsed in PBS, soaked for 1 hr in dilution buffer (PBS containing 10% donkey serum and 0.3% Triton X-100), blocked with avidin (15 min; Vector Laboratories, Burlingame, CA), rinsed with PBS, blocked with biotin (15 min; Vector Laboratories), rinsed again with PBS, placed in dilution buffer (15 min), then incubated overnight at room temperature with a goat anti-GDN F polyclonal antibody (catalog #AF-212-NA; 0.125 g /ml diluted in 0.1 M PBS with 10% donkey serum; R & D Systems, Minneapolis, M N). Sections were then rinsed thoroughly with PBS, incubated for 30 min with biotinylated donkey anti-goat IgG (catalog #705-066-147, diluted 1:1000 in 0.1 M PBS with 10% donkey serum; Jackson ImmunoResearch, West Grove, PA), rinsed repeatedly with PBS, reacted with ABC Elite reagent (30 min, 1:100 in 0.5 M NaC l-PBS; Vector Laboratories), rinsed in NaC l-PBS (10 min) followed by TN T (0.1 M Tris-HC l, 0.15 M NaC l, and 0.5% T ween 20; 2 ϫ 10 min), and TN B (0.1 M Tris-HC l, 0.15 M NaC l, and 0.5% blocking reagent from TSA kit, 10 min; N EN Life Science Products, Boston, M A), then incubated in biotinyl tyramide solution (5 min; 1:50; TSA kit). After tyramide amplification, sections were rinsed in TN T (3 ϫ 10 min), soaked in TN B (10 min), incubated in ABC Elite reagent (30 min, 1:50 in 0.5 M NaC l-PBS), washed sequentially with 0.5 M NaC l-PBS followed by PBS (2 ϫ 10 min), then reacted with 30 mg 3,3Ј diaminobenzidine tetrahydrochloride diluted in 100 ml PBS containing 400 l of 0.8% NiC l 2 and 25 l of 30% H 2 O 2 . Finally, sections were rinsed in distilled water, then coverslipped with glycerol gel.
RET immunostaining was performed using a biotinylated goat anti-RET antibody (catalog #BAF-482, 0.625 g/ml; R & D Systems). The procedure used was identical to that described above for GDN F, except that a secondary antibody was not required. Double immunostaining for RET and TH was performed using TSA amplification of RET, as described above, followed sequentially by TH immunostaining (Erickson et al., 1996) , using an FI TC -conjugated donkey anti-rabbit antibody (catalog #711-095-152; 1:200; Jackson ImmunoResearch).
For both GDN F and RET, negative control sections were processed as described above in the absence of the primary antibody.
Cell counts Explant cell cultures
The number of TH-and N F-immunoreactive cell profiles was obtained by counting all stained cells containing a nucleus in every other section through each explant ganglion. Video images of sections were captured, nuclear diameters were measured in a subset of neurons (N IH Image, version 1.55), and these data were used to estimate total neuron number from the profile counts (Abercrombie, 1946) .
Dissociate cell cultures
TH-and N F-immunoreactive cells were counted from three longitudinal strips through the center of each dissociate culture (ϳ10% of the total area), and the mean of these counts was used to estimate both the total number of neurons and the number of DA neurons per well.
Intact ganglia
Total cell counts. Frozen sections from newborn wild-type, bdnf Ϫ /Ϫ , gdnf Ϫ /Ϫ and bdnf Ϫ /Ϫ gdnf Ϫ /Ϫ mice were stained with 0.1% cresyl violet acetate and analyzed to estimate total neuron number, as described previously (Erickson et al., 1996) . Briefly, all sections with the N PG were identified and, beginning from a randomly selected section, every sixth section was selected for analysis. The cross-sectional area occupied by neurons was measured separately for the nodose (NG) and petrosal (PG) ganglion (N IH Image, version 1.55), and the volume of each ganglion occupied by neurons (m 3 ϫ 10 6 ) was estimated from the area measurements, section thickness, and the total number of sections containing each ganglion. Total neuronal profile number within each ganglion was then estimated by randomly selecting a section, counting the number of neuronal nuclei within a measured area of the section, then calculating neuronal density [number of nuclei /(measured area ϫ section thick-ness)]. This procedure was repeated in approximately every sixth section through the ganglion, and the mean of these measurements was multiplied by the volume of the ganglion occupied by neurons. No correction factor was applied.
TH cell counts. All TH-immunostained neuronal profiles with a nucleus in the plane of section were counted separately for the NG and PG in every sixth section. No correction factor was applied.
Plethysmography
Breathing frequency was measured in 6-to 12-hr-old wild-type and gdnf Ϫ /Ϫ mice using previously described plethysmographic methods (Mortola and Noworaj, 1983; Mortola, 1984) . Briefly, individual unanesthetized animals were placed in a plethysmographic chamber (ϳ20 ml volume), with the head of the animal emerging through a nonrestricting but airtight latex /parafilm seal. A two-sidearm pneumotachograph (Mortola, 1984) was attached to the test chamber, with the sidearms connected in turn to two leads of a differential pressure transducer (model #DP-103; Validyne Engineering Corporation, Northridge, CA) to measure airflow in and out of the chamber caused by breathing movements. The airflow signal was used to determine respiratory frequency during periods of quiet resting ventilation as well as to detect apneas (defined as periods in which breathing ceased for Ն2 sec). Temperature in the body plethysmograph was monitored continuously and kept constant within the thermoneutral range for newborn mice (32-34°C). The airflow signal was captured, digitized, and stored on disk (Axotape; Axon Instruments, Foster C ity, CA) for subsequent computer analysis using commercially available software (Acquis1; Bio-L ogic Science Instruments, C laix, France). The animal was allowed to acclimate to the chamber for 5 min before recording ventilation continuously for an additional 5 min. Each record was analyzed to determine breathing frequency during quiet resting ventilation. Portions of the record that were corrupted by movement artifact, as well as periods of apnea, were excluded from the frequency analysis. In addition, the number of apneas and the percentage of recording time spent in apnea were measured.
Statistical analyses
Data were analyzed by Student's t test or by ANOVA followed by the least significant difference multiple comparison procedure (Statistica; StatSoft, T ulsa, OK). A p value of Ͻ 0.05 was considered statistically significant.
RESULTS

Survival in vitro
Initial experiments, using explant cultures of the E16.5 rat PG, demonstrated that the total number of neurons (NF ϩ ; Fig. 1 A) and the number of TH-immunoreactive DA neurons (TH ϩ ; Fig.  1 B) increased 4.8-fold and 7-fold, respectively, in the presence of a saturating concentration of GDNF (50 ng/ml) compared with controls (Con). The percentage of TH ϩ cells remained constant (22-24%) at all GDNF concentrations, indicating that the increase in TH ϩ cell number observed in the presence of GDNF was attributable to increased survival, rather than upregulation of TH expression from previously undetectable levels. In confirmation of previous results in chick (Buj-Bello et al., 1995; Trupp et al., 1995) and mouse (Henderson et al., 1994) , GDNF also supported survival of dissociate rat NG neurons; at 50 ng/ml, GDNF Figure 1 . GDNF supports survival of PG sensory neurons in culture, including the subset that normally expresses dopaminergic traits in vivo. E16.5 rat PG explants were grown for 3 d in the absence or presence of different concentrations of GDNF (range, 0.1-500 ng/ml) and then processed for neurofilament (NF) and TH immunostaining. In the presence of saturating concentrations (50 ng/ml) of GDNF, the number of total (NF ϩ ) and DA (TH ϩ ) neurons increased 4.8-fold ( A) and 7-fold ( B), respectively, compared with untreated controls (Con). The percentage of TH ϩ cells remained constant at 22-24% at all GDNF concentrations, indicating that the dose-dependent increases in TH ϩ cell number were attributable to increased survival, rather than upregulation of TH expression from previously undetectable levels. Bars represent means Ϯ SEM of at least five cultures per group. **p Ͻ 0.001. increased total and TH ϩ neuron number by 3.4-fold and 6.9-fold, respectively, compared with untreated controls (data not shown).
To determine whether GDNF supports survival of the same or different neurons supported by BDNF (Erickson et al., 1996; Brady et al., 1999) , we compared the effects of the two factors alone or in combination on PG TH ϩ neuron survival in dissociate cell culture. At subsaturating concentrations of 5 ng/ml, the combined effect of GDNF plus BDNF was additive of the effect of each factor alone (Fig. 2 A) . However, at saturating concentrations for both BDNF and GDNF (100 ng/ml), the combined effect of GDNF plus BDNF was no greater than the effect of BDNF alone (Fig. 2 B) . These data indicate that the population of neurons supported by GDNF alone is a subset of the population supported by BDNF alone and suggest that some cells can be supported by subthreshold levels of both factors acting in concert. Combined treatment with GDNF and BDNF produces an additive increase in dopaminergic PG neuron survival in vitro at subsaturating, but not saturating, concentrations of each factor. E16.5 rat PG dissociate cultures were grown for 3 d in the absence (Con) or presence of GDNF alone (GDNF ), BDNF alone (BDNF ), or both GDNF and BDNF (Both) and then immunostained for TH. At 5 ng/ml of each factor ( A), TH ϩ neuron survival was increased 9-, 19-, and 28-fold in the presence of GDNF, BDNF, and GDNF plus BDNF, respectively, compared with control cultures. In contrast, at 100 ng/ml of each factor ( B), there was no additive effect on survival of GDNF plus BDNF above the level seen in the presence of BDNF alone. Bars represent means Ϯ SEM of at least six cultures per group. *p Ͻ 0.05; **p Ͻ 0.01; ns, not significant. 
Analysis of bdnf, gdnf, and bdnf/gdnf null mutants
The fact that GDNF supports survival of both NG and PG neurons in vitro is consistent with the finding that many NPG sensory neurons are lost in gdnf null mutant mice . However, NG and PG neurons innervate different peripheral targets, and it is unknown whether the cell loss reported for the NPG complex as a whole is restricted to one or the other, or both, of these populations. To address this issue we compared cell number separately in the NG and PG neuron pools of newborn wild-type and gdnf null mutant mice, including the DA subpopulation in each ganglion. We found that loss of both GDNF alleles led to a 39% reduction in total PG neuron number, and a comparable 42% decrease in the number of TH ϩ DA neurons, compared with wild-type controls (Table 1, 
compare A,B to E,F ).
The magnitude of the DA cell loss correlates well with the fact that ϳ43% of TH ϩ PG neurons in wild-type animals express the GDNF receptor RET (Fig. 3A,B) , indicating that for this population of cells, RET expression is a reliable marker of GDNF dependence. In contrast, we found no difference in either total or TH ϩ cell number in the NG of newborn wild-type and gdnf Ϫ /Ϫ mice (Table 2) . Thus, despite the fact that many NG neurons are supported by GDNF in vitro and express RET in vivo (Fig. 3C) , they do not require GDNF for survival in vivo. We reported previously that ϳ50% of neurons in the NPG, including 58% of the DA population, are depleted in newborn mice lacking BDNF (Erickson et al., 1996 ; see also ElShamy and Ernsfors, 1997). To determine whether BDNF and GDNF support survival of the same or different subsets of PG neurons, we also compared ganglion cell numbers in newborn bdnf Ϫ /Ϫ and bdnf (Table 1C ,D,G,H ). Disruption of both bdnf alleles resulted in a 51% deficit in total ganglion cell number compared with wild-type controls (Table 1C) , similar to our previous findings (Erickson et al., 1996) . Disruption of both bdnf and both gdnf alleles (Table 1 D) resulted in a 62% reduction in PG neuron number that was not significantly different from the loss resulting from disruption of either both bdnf ( p ϭ 0.462) or both gdnf ( p ϭ 0.100) alleles alone. Analysis of the DA subpopulation of PG neurons revealed a 58% deficit in bdnf Ϫ /Ϫ mice, compared with wild-type controls ( (Fig. 2) . Thus, the 39% of all PG neurons and the 42% of DA PG neurons that are lost after knock-out of only GDNF are a subset of the neurons that are lost after knock-out of BDNF alone, and therefore require both GDNF and BDNF for survival in vivo.
To define the role of GDNF in survival of DA PG neurons in more detail, we analyzed the subpopulation of DA neurons that .5, and E17.5 were counted after TH immunostaining. At each developmental age, TH ϩ cell numbers in wild-type and knock-out animals were compared separately within each genotype using Student's t test (␣ ϭ 0.05). Significant differences between wild-type and homozygotes were first detected in the PG on E14.5 for bdnf Ϫ /Ϫ mice and on E15.5 for gdnf Ϫ /Ϫ animals (top panel ), whereas no differences in TH ϩ cell number were detected in the NG between wild-type and gdnf Ϫ /Ϫ mutant mice at any of the developmental ages tested (bottom panel ). Data are presented as means Ϯ SEM. Sample sizes ranged from five to eight. *p Ͻ 0.05; **p Ͻ 0.01. 
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Profile counts are shown as means Ϯ SEM. Percent change is relative to wild-type. a Differs from bdnf ϩ/ϩ gdnf ϩ/ϩ (wild-type).
coexpress RET, the signaling component of the GDNF receptor (Durbec et al., 1996; Treanor et al., 1996) , by double immunostaining for RET and TH. Of the subpopulation of DA neurons that coexpress TH and RET, 65% were lost in the absence of BDNF (Table 3C ), 75% were lost in the absence of GDNF (Table  3B) , and virtually all (98%) were lost in the absence of both BDNF and GDNF (Table 3D ; the difference between the single BDNF and GDNF knock-outs was not significant). These data support our finding above that a large subset of DA PG neurons require both BDNF and GDNF for survival in vivo (Table 1 ). In addition, however, these data indicate that ϳ30% of all TH ϩ / RET ϩ neurons (the difference between the double and single knock-outs) can be supported by either BDNF or GDNF, demonstrating a diversity of trophic requirements of developing PG neurons for BDNF and GDNF in vivo.
Time course of BDNF and GDNF dependence in vivo
To determine whether BDNF and GDNF are required simultaneously or sequentially, we examined the time course of BDNF and GDNF dependence in the DA population of PG neurons. These studies revealed that, on E14.5, there was already a significant 27% decrease in DA neuron number in the PG in bdnf Ϫ /Ϫ mice, compared with wild-type littermates (Fig. 4, top panel ) . This deficit increased to 39% by E17.5 and to ϳ58% on the day of birth (Table 1G ). DA cell numbers in gdnf Ϫ /Ϫ mice were lower, but not significantly different than wild-type animals on day E14.5 and were significantly lower by E15.5. This deficit increased to 38% on E17.5 and 42% at birth (Table 1 F) . Thus, loss of DA PG neurons in bdnf Ϫ /Ϫ mice occurs over a protracted period from E14.5 until birth, whereas most of the cell loss in gdnf Ϫ /Ϫ mice occurs between E15.5 and E17.5.
GDNF expression in PG target tissues
We showed previously that BDNF is expressed transiently in NPG target tissues, including the fetal carotid body and cardiac outflow tract, at the onset of sensory innervation, supporting a role for BDNF as a target-derived survival factor for NPG neurons at this stage (Brady et al., 1999) . GDNF mRNA has also been detected in NPG target tissues, including the fetal carotid body (Nosrat et al., 1996) . In view of our finding that DA PG neurons, the subset of ganglion cells that innervate the carotid body (Katz and Black, 1986) , require GDNF, we hypothesized that GDNF, like BDNF, acts as a target-derived survival factor as well. To address this issue we examined GDNF protein expression in the developing carotid body at different developmental ages, using a GDNF-specific antibody. No GDNF immunoreactivity was detectable at the onset of carotid body development on E13.5, or on E14.5. GDNF staining was first detectable on E15.5, increased by E17.5 (Fig. 5A) , and remained strong in newborn animals (Fig. 5C ). The onset of detectable GDNF expression in the carotid body on E15.5 corresponds to the onset of DA cell loss in gdnf Ϫ /Ϫ mice (Fig. 4, top panel ) , consistent with the hypothesis that GDNF acts as a target-derived survival factor for PG neurons at this stage.
Physiological role of GDNF-dependent PG neurons
DA PG neurons play a critical role in control of respiration, and loss of these neurons in newborn bdnf Ϫ /Ϫ mice is associated with depressed and irregular breathing (Erickson et al., 1996) . Therefore, to begin examining the physiological consequences of PG cell loss in gdnf Ϫ /Ϫ mice, we used plethysmographic techniques to measure breathing frequency in wild-type mice and mice lacking both gdnf alleles, 6 -12 hr after birth. During periods of quiet resting breathing, gdnf Ϫ /Ϫ mice displayed a significant 28% decrease in breathing frequency and a 43% increase in the variability of breathing frequency compared with wild-type littermates (Table 4 ). In addition, we found that newborn GDNF mutants exhibited a 2.4-fold increase in the total number of apneas (defined as periods in which breathing ceased for Ն2 sec), and a 3.8-fold increase in the percentage of recording time spent in apnea, compared with wild-type controls (Table 4) . These alterations in normal resting ventilation are qualitatively similar Figure 5 . GDNF protein is produced by the fetal and early postnatal mouse carotid body. Photomicrographs of tissue sections through the carotid bifurcation from an E17.5 ( A) and newborn ( C) mouse show GDNF immunoreactivity within the carotid body at both ages (arrows). Tissues were stained using a GDNF-specific polyclonal antibody (see Materials and Methods). B shows the absence of GDNF immunoreactivity in an adjacent section from the E17.5 mouse in which the primary antibody was omitted during the staining procedure. Scale bar, 50 m.
to those observed in the BDNF null mutant (Erickson et al., 1996) .
DISCUSSION
Our findings demonstrate that some primary sensory neurons simultaneously require BDNF and GDNF for survival during fetal development in vivo. Cells that exhibit this dual dependence comprise ϳ40% of neurons in the PG, including DA neurons that innervate the carotid body. Moreover, the timing and distribution of GDNF expression in the carotid body are consistent with a role for GDNF as a target-derived survival factor, similar to BDNF (Brady et al., 1999) . Finally, our data demonstrate that survival of NG neurons, unlike PG neurons, is unaffected by genetic loss of GDNF, despite the fact that both populations express the GDNF receptor RET and are supported by GDNF in vitro.
Previous studies have shown that multiple populations of peripheral neurons, including the trigeminal, dorsal root, vestibular, cochlear, and superior cervical ganglion, as well as the NPG, require more than one trophic factor over the course of their development for survival in vivo (Reichardt and Farinas, 1997) . In many cases, multiple factors act sequentially (Buchman and Davies, 1993; Molliver et al., 1997; Hashino et al., 1999) . For example, Buchman and Davies (1993) have shown that trigeminal neurons rely initially on either NT-3 or BDNF for survival, then switch their trophic requirement to NGF. The transition to NGF dependence is correlated with changes in neurotrophin and neurotrophin receptor expression in peripheral target tissues and ganglion cells, respectively (Davies, 1997) . Similarly, NPG neurons require NT-3 early in development, during the period of neurogenesis, and many switch their dependence to BDNF at later stages (ElShamy and Ernfors, 1997) . In contrast, the present study demonstrates that most of the PG cell loss in bdnf Ϫ /Ϫ and gdnf Ϫ /Ϫ mice occurs at the same time, between E15.5 and E17.5. In view of our finding that the vast majority of GDNF-dependent neurons are a subset of the BDNF-dependent population of ganglion cells, these data indicate that BDNF and GDNF are required simultaneously, rather than sequentially, by these neurons for survival in vivo. In addition, because some further cell loss was observed in bdnf null mice before E14.5 and after E17.5, we cannot rule out the possibility that some cells that initially depend on BDNF switch their dependence to GDNF and vice versa.
The onset of GDNF expression in the mouse carotid body, the target of DA PG neurons, correlates precisely with the onset of DA cell loss in the PG of gdnf Ϫ /Ϫ mice on E15.5. These data strongly indicate that survival of many DA neurons in the PG depends on the availability of target-derived GDNF. GDNF mRNA has not been detected in either PG neurons themselves (Nosrat et al., 1996) or in their central target, the brainstem nucleus tractus solitarius (Nosrat et al., 1996; Pochon et al., 1997; Trupp et al., 1997; Golden et al., 1998 Golden et al., , 1999 , making it unlikely that PG neurons obtain GDNF from sources other than their peripheral targets. In view of the fact that GDNF can be transported to sensory cell bodies from the periphery (Matheson et al., 1997; Leitner et al., 1999) , we conclude that GDNF acts as a peripheral target-derived trophic factor for PG neurons, similar to BDNF (Brady et al., 1999) .
There are several potential mechanisms that could explain the simultaneous dependence of some PG neurons on BDNF and GDNF. One possibility is that both factors are able to independently support survival, but are present in vivo at concentrations below the threshold for either factor alone to be effective. This possibility is supported by our finding that either BDNF or GDNF alone can support survival of PG neurons in culture and that at subsaturating concentrations, combining the two factors results in an additive increase in survival. Another possibility is that, in vivo, only one of the two factors acts directly to support survival, and the other regulates access or responsiveness to the first Schober et al., 1999) . GDNF, for example, has been suggested to promote survival of NGFdependent cutaneous afferent neurons by regulating sprouting of the peripheral axons (Fundin et al., 1999) . Again, the fact that GDNF can directly support survival of PG neurons in culture argues against this possibility. It is also possible that GDNF stimulates PG neurons to release BDNF, which then acts in an autocrine manner to promote survival (Giehl et al., 1998) . We have shown previously that many PG neurons, including DA ganglion cells, contain BDNF in a releasable pool (Brady et al., 1999; Balkowiec and Katz, 2000) . However, preliminary studies in our laboratory, using BDNF ELISA, have found no evidence that GDNF stimulates BDNF release from these cells in culture (A. Balkowiec and D. Katz, unpublished observations) . Further studies are required to understand how BDNF and GDNF might act in concert to promote survival of sensory neurons. One possibility is that BDNF and GDNF act through common intracellular targets, such as the Ras/Erk pathway (Kaplan and Stephens, 1994; Ohiwa et al., 1997; van-Weering and Bos, 1997, 1998; Trupp et al., 1999) , and together activate a threshold response sufficient to support cell survival. It is equally plausible, however, that BDNF and GDNF act independently (Feng et al., 1999) .
Approximately 30% of all TH ϩ /RET ϩ neurons in the PG can be supported by either BDNF or GDNF (Table 3) , i.e., they are only lost in double bdnf/gdnf null mutants. This finding may be important for understanding the in vivo survival requirements of other populations of DA neurons that are known to respond to Differs from wild-type; p Ͻ 0.001. The coefficient of variation (SD/mean) was determined from cycle-by-cycle measurements of breathing frequency.
BDNF and GDNF in vitro. For example, although BDNF and GDNF individually support survival of midbrain DA neurons in vitro (Hyman et al., 1991; Lin et al., 1993) , genetic loss of either factor alone has no effect on survival of these neurons in vivo (Ernfors et al., 1994b; Jones et al., 1994; Moore et al., 1996; Sanchez et al., 1996; Granholm et al., 1997) . Based on our findings, is possible that BDNF and GDNF can each compensate for the loss of the other to support survival of midbrain DA neurons in single BDNF and GDNF knock-out mice. Our observation that NG neuron numbers are normal in gdnf Ϫ /Ϫ mice was unexpected in light of findings that GDNF supports survival of NG neurons in vitro (Henderson et al., 1994; Buj-Bello et al., 1995; Trupp et al., 1995; present study) . In situ hybridization studies have revealed the presence of both RET and GFR␣1 mRNA in the rat NG (Nosrat et al., 1997) , and our immunohistochemical analysis demonstrated that RET protein is present in a large percentage of fetal mouse NG neurons (Fig. 3C) . It is possible that any loss of trophic support by GDNF in gdnf Ϫ /Ϫ mice is compensated by other survival factors acting on NG neurons. For example, 90% of NPG neurons are lost in BDNF/NT-4 double or TrkB null mutant mice (Conover et al., 1995; Erickson et al., 1996) , indicating that one or the other of the TrkB ligands supports virtually all NG neurons. On the other hand, GDNF signaling may play other roles in vivo not directly related to supporting NG neuron survival.
We found previously that loss of carotid body afferent neurons in newborn BDNF null mutants is associated with depressed and irregular respiration, indicating that BDNF is required for development of normal breathing behavior (Erickson et al., 1996) . In the present study we observed a similar respiratory phenotype in gdnf Ϫ /Ϫ animals, consistent with our finding that both mutants lack the normal complement of chemoafferent neurons. Recent reports support a role for GDNF dysfunction in at least one developmental abnormality of respiratory control in humans, congenital central hypoventilation syndrome (CCHS; or Ondine's Curse). CCHS is characterized by depressed and irregular breathing and diminished chemical drive, and point mutations in the GDNF and RET genes have each been found in cases of CCHS (Amiel et al., 1998; Sakai et al., 1998) . Moreover, newborn mice lacking RET exhibit depressed ventilatory responses to 10% CO 2 (Burton et al., 1997) . A point mutation in the BDNF gene has also been discovered in one CCHS patient (S. Bolk and A. Chakravarti, personal communication) . Given these human studies, and the fact that BDNF and GDNF are both required for survival of chemoafferent neurons and development of normal breathing behavior in mice, we think it plausible that derangements in either BDNF or GDNF signaling could contribute to the molecular pathogenesis of CCHS by perturbing development of primary sensory neurons in the PG.
